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Opposing FGF and Retinoid Pathways Control
Ventral Neural Pattern, Neuronal Differentiation,
and Segmentation during Body Axis Extension
ments into somites (which give rise to skeletal muscle,
axial skeleton, and dorsal dermis). Spinal cord progeni-
tors are derived from epiblast cells in the caudal part
of the neural plate, which lies adjacent to the anterior
primitive streak (Schoenwolf, 1992; Brown and Storey,
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while cells that gastrulate through the primitive streakUniversity of Dundee
emerge to form the paraxial mesoderm (Selleck andDow Street
Stern, 1991; Lawson and Pedersen, 1992). Once cellsDundee DD1 5EH
have left the caudal neural plate (or spinal cord primor-United Kingdom
dium) and lie rostral to the streak in newly formed neural2 Department of Human Anatomy and Genetics
tube flanked by somites, they can differentiate into neu-University of Oxford
rons (Sechrist and Bronner Fraser, 1991; Diez del CorralSouth Parks Road
et al., 2002). This process of neuronal differentiation isOxford OX1 3QX
mediated by a cascade of bHLH transcription factorsUnited Kingdom
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We have shown previously that the changing signalingUnited Kingdom
properties of the differentiating paraxial mesoderm con-
trol when neuronal differentiation commences in the
neighboring neuroepithelium: presomitic mesoderm re-
Summary presses neuronal differentiation, while somitic meso-
derm promotes this step (Diez del Corral et al., 2002).
Vertebrate body axis extension involves progressive However, while Fibroblast Growth Factor (FGF) signaling
generation and subsequent differentiation of new cells can mimic the action of the presomitic mesoderm (Diez
derived from a caudal stem zone; however, molecular del Corral et al., 2002), the identity of the somite-derived
mechanisms that preserve caudal progenitors and co- signal(s) that drives differentiation is not known. It is
ordinate differentiation are poorly understood. FGF also unclear whether paraxial mesoderm signals control
maintains caudal progenitors and its attenuation is just neuronal differentiation or if they exert a more gen-
required for neuronal and mesodermal differentiation eral influence that includes the onset of neural pattern
and to position segment boundaries. Furthermore, (see Pituello et al., 1999) and differentiation of nonneu-
somitic mesoderm promotes neuronal differentiation ral tissues.
in part by downregulating Fgf8. Here we identify reti- Fate mapping studies indicate that the chick spinal
noic acid (RA) as this somitic signal and show that cord primordium can be considered a stem zone (Mathis
retinoid and FGF pathways have opposing actions. et al., 2001), and similar studies in the mouse have identi-
FGF is a general repressor of differentiation, including fied a neural stem cell population in the tail bud (Mathis
ventral neural patterning, while RA attenuates Fgf8 and Nicolas, 2000; Cambray and Wilson, 2002). A key
in neuroepithelium and paraxial mesoderm, where it step in leaving the stem zone appears to be attenuation
controls somite boundary position. RA is further re- of FGF signaling. Spinal cord primordium cells express
quired for neuronal differentiation and expression of and have been exposed to multiple FGFs from the primi-
tive streak and presomitic mesoderm, including Fgfs 3,key ventral neural patterning genes. Our data demon-
4, 8, and 18 and FGF2 (Mahmood et al., 1995; Riese etstrate that FGF and RA pathways are mutually inhibi-
al., 1995; Shamim and Mason, 1999; Ohuchi et al., 2000;tory and suggest that their opposing actions provide a
Chapman et al., 2002), and introduction of dominant-global mechanism that controls differentiation during
negative FGF receptors into these cells results in preco-axis extension.
cious movement out of the primordium into the spinal
cord (Mathis et al., 2001). Furthermore, exposure to FGF
Introduction blocks onset of neuronal differentiation in caudal neural
plate/spinal cord primordium explants (Diez del Corral
The vertebrate trunk is generated in a head-to-tail se- et al., 2002). These findings indicate that the integrity
quence over an extended period during development. and undifferentiated state of caudal stem zone is main-
This involves the continuous production of key tissues tained by FGF signaling.
at the caudal end of the embryo: neuroepithelium, which Exposure to FGF in the embryo inhibits expression of
forms spinal cord, and paraxial mesoderm, which seg- Pax6 as well as neuronal differentiation, and blocking the
FGF pathway in this context also leads to the precocious
appearance of Pax6 in the spinal cord (Bertrand et al.,*Correspondence: k.g.storey@dundee.ac.uk
2000). Pax6 has complex crossregulatory interactions4Present address: Weatherhall Institute of Molecular Medicine, Uni-
with Ngn2 (Scardigli et al., 2001), a gene that acts inversity of Oxford, John Radcliffe Hospital, Headley Way, Oxford OX3
9DS, United Kingdom. the generic neuronal differentiation pathway, and the
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repression of Pax6 by FGF is consistent with its involve- differentiation. Our findings show that FGF and retinoid
ment in neurogenesis. However, Pax6 is also one of pathways are mutually inhibitory and suggest that op-
a cohort of transcription factors that act in particular posing FGF and retinoid signaling controls differentia-
combinations to specify five progenitor domains (which tion onset: preserving the caudal progenitor pool, coor-
give rise to motor neuron [MN] and interneuron subtypes dinating expression of ventral neural patterning genes,
V0, V1, V2, and V3) within the ventral neural tube in and regulating segmentation of the paraxial mesoderm
response to graded Sonic hedgehog (Shh) signaling as the axis extends caudally.
(Briscoe et al., 2000; reviewed in Ericson et al., 1997a;
Jessell, 2000). FGF repression of Pax6 as well as NeuroM
(a marker of newly differentiating neurons; [Roztocil et Results
al., 1997; Diez del Corral et al., 2002]) thus raises the
possibility that caudal FGF signaling acts as a general Onset of Ventral Patterning Genes Coincides with
repressor of neural differentiation that controls both cell Somitogenesis and Is Regulated by the Changing
type specification and neuron production. Signaling Properties of the Paraxial Mesoderm
The FGF-expressing primitive streak and tailbud con- To investigate whether the paraxial mesoderm has a
tain stem cells that give rise to the paraxial mesoderm general influence on differentiation onset in the spinal
(Stern et al., 1992; Nicolas et al., 1996), and Fgf8 persists cord, we compared the expression patterns of a cohort
in the emerging caudal presomitic mesoderm, where of genes involved in the dorsoventral patterning of the
it promotes expression of markers of undifferentiated neural tube with respect to the appearance of somites
paraxial mesoderm and represses the onset of later
in the adjacent paraxial mesoderm at Hamburger and
somitic genes (Dubrulle et al., 2001). Furthermore, the
Hamilton (HH) stages 10–12 (Figures 1A–1H). The dorsal
decline in FGF signaling in the presomitic mesoderm as
neural patterning gene Pax3 is expressed in the openit differentiates also positions the future somite bound-
neural plate prior to somitogenesis (Goulding et al.,ary (Dubrulle et al., 2001). Mechanisms that attenuate
1993), and we show here that Pax7 (Kawakami et al.,FGF signaling might therefore be important for segmen-
1997) has a similar caudal expression pattern (Figurestation of the paraxial mesoderm as well as for establish-
1A and 1B). In contrast, the ventral patterning gene Irx3ment of neural pattern and onset of neuronal differenti-
appears in the neural tube as somites form (Briscoe etation.
al., 2000), and we show here that Nkx6.2, Nkx6.1, andWe have shown previously that somites can both
Olig2 (Qiu et al., 1998; Cai et al., 1999; Mizuguchi et al.,downregulate Fgf8 and promote neuronal differentiation
2001; Zhou et al., 2001) are also first expressed (likein explants of spinal cord primordium; however, just
Pax6 and NeuroM) broadly coincident with somitogen-blocking FGF signaling is not sufficient to elicit neuronal
esis (Figures 1C–1F). The expression of Shh in the floordifferentiation in vitro (Diez del Corral et al., 2002). So-
plate of the neural tube also commences at about thismite signaling must therefore antagonize further repres-
level (Figure 1G; Teillet et al., 1998). This striking cor-sors of neurogenesis and/or actively promote neuronal
relation between onset of ventral neural pattern anddifferentiation genes. A key task now is to identify the
somite formation led us to examine in detail whethersomite signal(s) that both attenuate FGF and drive neu-
the paraxial mesoderm controls the onset of a furtherronal differentiation. Somites have been shown to pro-
mote the acquisition of caudal neural character via reti- ventral patterning gene, Irx3. As with Pax6 and NeuroM,
noic acid (RA) (a biologically active derivative of Vitamin Irx3 expression appears progressively in the neural tube
A, reviewed in Maden, 2001) (Itasaki et al., 1996; Gould as somites form (see Supplemental Figures S1A–S1D at
et al., 1998; Muhr et al., 1999) and to specify MN sub- http://www.neuron.org/cgi/content/full/40/1/65/
types along the rostrocaudal axis of the spinal cord by DC1). Removal of the presomitic mesoderm results in
as yet unidentified signals (Ensini et al., 1998). They have a caudal expansion of the Irx3 domain (Supplemental
also been suggested to regulate neural patterning in Figures S1E and S1F), indicating that this tissue normally
response to Shh via Follistatin (Liem et al., 2000) and to represses Irx3. The existence of such repressive signals
be involved in the specification of the cervical Hox-c is also suggested by the progressive activation of Irx3
profile in MNs (Liu et al., 2001). Retinoic acid has addi- in strips of isolated neural plate cultured in vitro as well
tionally been shown to elicit neurogenesis in the frog as in explants of just the caudal portion of the neural
neural plate (Papalopulu and Kintner, 1996; Sharpe and plate (Supplemental Figures S1G–S1O). Conversely, ex-
Goldstone, 1997; Franco et al., 1999), in cell lines (e.g.,
pression of Irx3 and Pax6 expression is locally reduced
Pevny et al., 1998), and in ES cells (e.g., Renoncourt et
after removal of recently formed somites (Supplementalal., 1998; Wichterle et al., 2002). In the chick, RA is
Figures S1P–S1R). This indicates that, in the embryo,synthesized in the differentiating presomitic mesoderm
signals from the somites control the precise timing ofand somites as indicated by expression of the RA-syn-
Irx3 onset and may serve to counter repressive signalsthesizing enzyme Raldh2 (Swindell et al., 1999) and is
presented by neighboring tissues. These findings showdetected at high levels in somites and the adjacent
that Irx3 expression is regulated like Pax6 and NeuroMclosed neural tube (Maden et al., 1998). Retinoic acid is
(Pituello et al., 1999; Diez del Corral et al., 2002) andtherefore a strong candidate for a somite-derived signal
strongly suggest that the onset of both ventral neuralthat promotes neuronal differentiation.
patterning and neuronal differentiation is under the con-In this study, we test whether FGF/presomitic meso-
trol of the changing signaling properties of the paraxialderm signaling acts as a general repressor of differentia-
mesoderm: they are repressed by presomitic mesodermtion in the caudal region of the embryo and whether
RA is the opposing somite-derived signal that drives and promoted by somites.
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Figure 1. Onset of Dorsoventral Patterning Genes in the Developing Spinal Cord
(A–G″) Expression of Pax3, Pax7, Irx3, Nkx6.2, Nkx6.1, Olig2, and Shh with respect to somitogenesis of the adjacent paraxial mesoderm in
whole-mount (WM) HH10 chick embryos (A–G) and in transverse sections (TS) (A–G″).
(H) Summary of expression patterns in stage HH20 chick embryos and the identity of corresponding neurons, according to Briscoe et al.
(2000), Novitch et al. (2001), and Vallstedt et al. (2001). Scale bars equal 100 m (A–G) and 50 m (A–G″).
FGF Signaling Represses Irx3 and Pax6 Directly accelerates Irx3 onset, strip explants from HH8–9 (which
include preneural tube and caudal neural plate), werein the Neuroepithelium
As FGF signaling mimics the ability of presomitic meso- treated for 6 hr with the FGFR antagonist SU5402 (Mo-
hammadi et al., 1997). In comparison with DMSO-onlyderm to repress Pax6 and NeuroM (Bertrand et al., 2000;
Diez del Corral et al., 2002), we next tested whether it treated controls, the domain of Irx3 expression is ex-
panded in the SU5402-treated explants (3/3, Figuresalso represses Irx3. FGF4, which has high affinity for a
range of FGF receptors (Ornitz et al., 1996), inhibits Irx3 2L and 2M). To confirm that FGF signaling is required
directly in neuroepithelial cells to repress Irx3 in the(9/9) and Pax6 (5/5) expression in strip explants from
HH8–10 cultured for 8 hr (Figures 2A–2E), and Irx3 is context of the embryo, a dominant-negative FGFR1-
Enhanced Yellow Fluorescent Protein (dnFGFR1-EYFP)also repressed by FGF4 in explants of preneural tube
alone (8 hr, 4/4) (Figures 2A, 2F, and 2G). Furthermore, fusion construct was introduced into the preneural tube
at HH10-10 and gene expression examined 6–7 hr later.both Irx3 and Pax6 are downregulated by FGF4 in ex-
plants of neural tube (HH8–9) (3/3, 3/3), indicating that Ectopic Irx3 expression is found in the EYFP domain
within the preneural tube (3/5 cases), while Irx3 is unaf-FGF signaling can interfere with transcription of these
genes even after they have begun to be expressed (Fig- fected by the expression of a construct containing EYFP
alone (n  11; Figures 2N–2Q). Together, these findingsures 2H–2K). To test whether blocking the FGF pathway
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Figure 2. FGF Represses Ventral but not Dorsal Neural Patterning Genes
(A) Origin of explants used in (B)–(M) in an HH8 embryo.
(B–K) Expression of Irx3 or Pax6 in explants after 8 hr culture in control and FGF-treated explants.
(B and C) Irx3 is expressed in preneural tube-caudal neural plate explants (B) but is absent in the presence of FGF4 (C).
(D and E) Pax6 is present in preneural tube-caudal neural plate explants (D) but is absent in the presence of FGF4 (E).
(F and G) Irx3 is expressed in preneural tube explants after 8 hr culture (F) but is absent in the presence of FGF4 (G).
(H–K) Irx3 (H) and Pax6 (J) are expressed in neural tube explants but are downregulated in the presence of FGF4 (I and K).
(L and M) Irx3 is expressed at the tip of preneural tube-caudal neural plate explants after 6 hr culture (L), and its domain of expression is
expanded in the presence of the FGFR-antagonist SU5402 (M).
(N–O) Electroporation of dnFGFR1-EYFP on the right side of the preneural tube results in expansion of Irx3 expression (arrowheads in O).
(P–Q) Electroporation of EYFP alone has no effect on Irx3 expression.
(N, O, P, and Q) TS.
(R) Full-width preneural tube explant (green box).
(S–Y) These explants express Pax3, Pax7, Irx3, Nkx6.2, Nkx6.1, Ptc2, and Shh after 8 hr culture.
(S–Y) In the presence of FGF4, Pax3 and Pax7 are maintained, but onset of Irx3, Nkx6.2, Nkx6.1, Ptc2, and Shh genes is repressed.
(Z) Quantification of expression levels (intensity of mRNA in situ hybridization signal) for each gene in neural tube explants (asterisk, see H–K)
and full-width preneural tube explants (see R) exposed () or not () to FGF4. N/D: not determined.
Scale bars equal 100 m (B–M, P, and Q), 50 m (N and O), 20 m (N, O, P, and Q), and 100 m (S–Y).
extend the observation that Pax6 is repressed by FGF8 Dorsoventral Patterning Genes Show Differential
Sensitivity to Repression by FGF Signalingbeads implanted in the whole embryo (Bertrand et al.,
2000) and demonstrate that Irx3 and Pax6 are regulated, To examine whether FGF generally represses the onset
of neural patterning, we next assessed its effect on alike NeuroM, by FGF signaling in the neuroepithelium.
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Figure 3. Somite-Derived Retinoid Signaling
Is Sufficient and Necessary for Neuronal Dif-
ferentiation
(A–G) Expression patterns of Raldh2, RXR,
RXR, RAR, RAR, and RAR in stage HH10
embryos. (C–G) TS. (B) is a longitudinal
section.
(H) Caudal neural plate (CNP) and caudal pre-
somitic mesoderm (CPM) explants in a stage
HH7 embryo.
(I–L) CNP explants do not contain NeuroM
cells after 24 hr culture (I and K), but addition
of 9-cis RA (J) or TTNPB (L) promotes Neu-
roM expression.
(M and N) CNP cultured in contact with CPM
explants contain numerous NeuroM cells
(M), but in the presence of Disulfiram only few
or no cells express NeuroM (N).
(O and P) The ability of somites to induce
NeuroM cells in CNP explants (O) is blocked
by RAR/RXR antagonists (P).
Scale bars equal 200 m (A–G), 50 m (C–
G), and 100 m (I–P).
whole cohort of genes characteristic of different dorso- Retinoic Acid Mimics the Somite’s Ability
to Promote Neuronal Differentiationventral regions of the neural tube. As some of these
Both neuronal differentiation and ventral patterning aregenes are expressed close to the ventral midline, we
repressed by presomitic mesoderm/FGF signaling, andused explants including this region (full-width preneural
tissue removal experiments show that both processestube at HH8–10) (Figure 2R, green box) for these experi-
also require a somite-derived signal in the embryo. Wements. After 8 hr, untreated explants continue to express
therefore next examined the ability of retinoic acid, aPax3 and Pax7 (Figures 2S and 2T) and come to express
known somite-derived factor that elicits neuronal differ-Irx3, Nkx6.2, Nkx6.1, Ptc2, and Shh (Figures 2U–2Y) but
entiation in other contexts, to promote these events.only rarely express Olig2 (Figure 2Z; data not shown).
We first characterized and compared the expressionThis is consistent with the activation of Olig2 later in
patterns of the RA-synthesizing enzyme Raldh2 and Re-development than the other genes analyzed (Novitch et
tinoic Acid Receptors (RAR,, and RXR,; Rowe etal., 2001). When we add FGF4, dorsally restricted genes
al., 1991a, 1991b; Michaille et al., 1994, 1995). At HH7–8,(Pax3 and Pax7) are still detected (Figures 2S and 2T),
Raldh2 is detected in the rostral presomitic mesoderm,while onset of expression of ventral patterning genes
rising to high levels in the forming somites and broadly(Irx3, Nkx6.2, Nkx6.1, Ptc2, and Shh) is inhibited (Figures
retaining this pattern as development proceeds (HH10;2U–2Y). These data indicate that FGF signaling specifi-
Figures 3A and 3B; Swindell et al., 1999). In contrast,cally represses the onset of expression of ventral pat-
RXR, RAR, and RAR are expressed in the HH10
terning genes, and its failure to affect dorsal genes is
spinal cord flanked by somites and decline in the pre-
consistent with their coexpression with Fgf8 in caudal neural tube, while RXR and RAR expression extends
regions of the embryo. Interestingly, ventral genes nor- more caudally into caudal neural plate and is also de-
mally expressed farthest from the Shh-expressing mid- tected in the primitive streak (Figures 3C–3G). These
line (Irx3, Pax6, and Nkx6.2; see Figure 1) are most re- key transducers of the RA pathway are thus expressed
pressed by FGF signaling (quantification in Figure 2Z). at the right time and place to mediate neuronal differenti-
In some contexts, these genes are upregulated by low- ation and patterning in the spinal cord opposite recently
level Shh (e.g., Ericson et al., 1997b; Wichterle et al., formed RA-synthesizing somites. To test the ability of
2002), and this differential sensitivity to repression by the RA pathway to promote neuronal differentiation, we
FGF might serve here to coordinate the onset of ventral cultured HH6–8 caudal neural plate explants (Figure 3H)
patterning genes, delaying the expression of genes in the presence of either 9-cis RA or TTNPB, an RAR
more sensitive to Shh until sufficient levels of Shh are agonist (Eager et al., 1991). In nearly all cases, this leads
to an increase in the number of NeuroM cells (14/18,reached for the activation of ventral-most genes.
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14/14, respectively) (Figures 3I–3L). Stimulation of the both Ngn1 and Ngn2 are depleted (5/5, 3/3, respectively,
compared with controls 4 and 3 cases, respectively;RA pathway in the prospective spinal cord thus mimics
the somite’s ability to promote neuronal differentiation. Figures 4E–4H). These findings indicate that RA is re-
quired to initiate the neurogenesis cascade via the Neu-
rogenins, but do not exclude additional requirementsRetinoic Acid Is Required for Neuronal
Differentiation and Initiation for retinoid signaling in later steps in the neuronal differ-
entiation pathway.of the Neurogenesis Cascade
To assess whether retinoid signaling is required for neu-
ronal differentiation in vitro, we inhibited RA synthesis Retinoic Acid Is Required for the Specification
of Interneuron and Motor Neuron Progenitorsusing Disulfiram (Stratford et al., 1996) or blocked the
pathway with retinoic acid receptor antagonists, while As FGF and retinoid pathways have opposing effects on
neuronal differentiation and FGF also represses onset ofin vivo we examined gene expression patterns in Vitamin
A-deficient (VAD) quails, which may better represent a ventral patterning genes, we next examined the expres-
sion of these genes in the VAD neural tube caudal toretinoid-free state (Dupe and Lumsden, 2001; Gavalas,
2002). Disulfiram was added to caudal neural plate ex- s6. Expression of Pax6, Irx3, Nkx6.2, and Olig2 are all
dramatically affected in this deficiency (Figures 4I–4Pplants cultured with underlying mesoderm (which comes
to express Raldh2 after 24 hr in vitro, see below) for and 4W). In contrast, expression of more ventrally lo-
cated genes, Nkx6.1 and Shh, appears normal in VAD24 hr. In the presence of this inhibitor, the number of
NeuroM cells is dramatically reduced (13/16 cases; embryos (Figures 4Q–4T and 4W). These data indicate
that RA is required for the expression of key ventralFigures 3M and 3N). Addition of a mixture of RAR/RXR
antagonists (LG100815 and LG101208) (Sockanathan patterning genes that are known to be necessary for or
involved in the specification of interneuron progenitorsand Jessell, 1998) also blocks the ability of the somite
to induce NeuroM in caudal neural plate explants (7/7 (Pax6, V1 and V2 [Ericson et al., 1997b]; Irx3, V2 [Briscoe
et al., 2000]; Nkx6.2, V1 [Vallstedt et al., 2001]) and MNcases) (Figures 3O and 3P). These data show that reti-
noid signaling is necessary for paraxial mesoderm to progenitors (Pax6 [Ericson et al., 1997b]; Olig2 [Mizu-
guchi et al., 2001; Novitch et al., 2001; Takebayashipromote neuronal differentiation and are consistent with
observations made in VAD quails, which revealed a re- et al., 2002]; Nkx6.2 [Vallstedt et al., 2001]). Previous
observations showed that older VAD embryos have fewduced number of neurons in the spinal cord at HH21–23
(Maden et al., 1996). To determine where retinoids act in ventral Islet1 cells characteristic of MN (Maden et al.,
1996), and we therefore next assessed the presence ofthe neuronal differentiation pathway, we next assessed
expression of key genes that mediate distinct steps in differentiating interneurons in these animals. Although
V0, V1, and V2 interneurons are born much later in devel-this program in VAD embryos. In these animals, hind-
brain is abnormally specified, with presumptive rhom- opment, another set of interneurons are the first-born
neurons in the chick spinal cord (Sechrist and Bronnerbomeres (r)1-7 acquiring an r1-3 identity and genes
characteristic of r4 expressed in the neural tube from Fraser, 1991). These differentiate into dorsal commis-
sural and ventral and medial longitudinal interneuronsthe level of somite (s)1 to 6 (Gale et al., 1996; Maden et
al., 1996; Dupe and Lumsden, 2001; Gavalas, 2002). To (Yaginuma et al., 1990) and are identified by early ex-
pression of CRABP1 (Maden et al., 1989; Shiga et al.,analyze the neurogenesis phenotype in the VAD spinal
cord, we therefore focused on neural tube caudal to s6 1995). The VAD neural tube possesses very few or no
CRABP1 cells (4/4) compared with controls (3 cases)at 9–19 somites stages. NeuroM expression is depleted
or absent in VAD neural tube (5/6) in comparison to (Figures 4U and 4V). Retinoid signaling is thus required
for the expression of genes that specify ventral progeni-normal quails (4 cases) (Figures 4A and 4B). NeuroM
expression is normally preceded by Delta1, which is first tors, including MN and at least V1 and V2 interneuron
progenitors, and deficits are further manifested in de-detected in newly born neurons (Henrique et al., 1995;
Roztocil et al., 1997), and Delta1 is also strikingly absent pleted numbers of MN and the first-born interneurons
in the VAD spinal cord.in the VAD spinal cord (3/3) compared with controls (2
cases) (Figures 4C and 4D). Delta1 is in turn preceded
in neural progenitors by expression of proneural gene Retinoid Signaling Controls Fgf8 Expression
in the Neuroepitheliumhomologs such as Ngn1 and Ngn2 (Perez et al., 1999),
and these genes appear progressively in the neural tube A key activity of somite signaling is to attenuate Fgf8
(Diez del Corral et al., 2002), and this prompted us toas somites form (data not shown). In VAD spinal cord,
Figure 4. Vitamin A-Deficient Quails Lack Generic Neuronal Differentiation Genes and a Subset of Ventral Patterning Genes
Comparison of gene expression patterns in the spinal cord (below s6) in VAD and control stage matched quail embryos (NeuroM, Ngn1, Olig2,
and CRABP1, 14–19 s; Delta1, Ngn2, Pax6, Irx3, Nkx6.2, Nkx6.1, and Shh, 9–13 s).
(A–H) Expression of NeuroM, Delta1, Ngn1, and Ngn2 in control and VAD quails. (A–H) TS. Expression of these genes in VAD embryos is
strongly depleted or absent.
(I–T) Expression of Pax6, Irx3, Nkx6.2, Olig2, Nkx6.1, and Shh in control and VAD quails. (I–T) TS. Pax6, Irx3, Nkx6.2, and Olig2 are dramatically
reduced in VAD spinal cord, whereas Nkx6.1 and Shh appear unaffected by RA deficiency. Notochord has been removed in embryos shown
in (S) and (T) to show Shh expression in the floor plate only.
(U–V) CRABP1 is present in the spinal cord of normal quails but is absent in this region of VAD quails. (U–V) TS.
(W) Quantification of embryos according to the level of expression (ISH staining intensity) of ventral patterning genes.
Arrowheads indicate somite 6. Scale bars equal 200 m (A–V), 100 m (inset in C and D), and 50 m (A–V). (Note: in C and D, Delta1
expression in somites is stronger in VAD animal, as this was developed longer to ensure detection of all neurons.)
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Figure 5. Retinoids Inhibit FGF Signaling in the Neuroepithelium and Are Required In Vivo to Attenuate Fgf8, but Ectopic FGF Signaling Is
Not Detected in VAD Neural Tube Flanked by Somites
(A) CNP explant in a stage HH7 embryo.
(B–E) CNP explants maintain Fgf8 expression (B and D), but in the presence of 9-cis RA (C) or TTNPB (E), Fgf8 is dramatically downregulated.
(F and G) In the presence of a somite, Fgf8 is downregulated (F), and addition of RAR/RXR does not dramatically delay loss of Fgf8 expression (G).
(H–M) Expression of Fgf8 and Sprouty2 and presence of activated MAPK in control and VAD quails. Fgf8 and Sprouty2 expression are
prolonged in VAD quails (H–K). Active MAPK (dp-MAPK) is not detected in the neural tube (next to somites) in either control or VAD quails (L
and M). (H–M) TS. Arrowheads indicate most recent somite.
Scale bars equal 100 m (B–G), 200 m (H–M), and 100 m (H–M).
investigate next whether RA also downregulates Fgf8. stream consequence of FGF signaling. Sprouty2 is nor-
mally expressed in the caudal neural plate and preneuralAddition of either 9-cis RA or the RA agonist TTNPB
dramatically reduces Fgf8 levels in caudal neural plate tube (Chambers and Mason, 2000), and it perdures, like
Fgf8, in the preneural tube of VAD embryos (3/5) com-explants after 24 hr in vitro (11/12, 8/8, respectively;
Figures 5A–5E). However, blocking RA signaling with pared with controls (4 cases) but is never detected in
the neural tube (Figures 5J and 5K). Furthermore, phos-a mixture of RAR/RXR antagonists in combinations of
somites and caudal neural plate explants does not pro- phorylated MAPK (detected with an antibody specific
for the dual phosphorylated form of MAPK) is detectedlong Fgf8 expression (n  7; Figures 5F and 5G). This
could indicate that downregulation of Fgf8 involves a neither in control (3 cases) nor in VAD neural tube (4/4)
(Figures 5L and 5M). Together, these findings suggestfurther somite-derived signal(s), or that RA synthesized
by somites is not efficiently blocked by these RAR/RXR that VAD neural tube cells are not subject to active
FGF signaling and indicate the further requirement forantagonists and low levels of RA are sufficient to elimi-
nate Fgf8. We therefore next assessed Fgf8 expression retinoid signaling in the neural tube for expression of key
ventral patterning genes and for neuronal differentiation.in VAD embryos. These animals have stronger and pro-
longed expression of Fgf8 in the preneural tube (6/6)
compared with controls (3 cases) (Figures 5H and 5I). Retinoic Acid Downregulates Fgf8
These data indicate that retinoid signaling is sufficient in Paraxial Mesoderm
to downregulate Fgf8 and necessary in the embryo to Fgf8 is expressed in the presomitic mesoderm as well as
control Fgf8 attenuation in the preneural tube. in the overlying caudal neural plate and in the preneural
tube. We therefore next addressed whether RA also
controls Fgf8 transcript levels in explants of this meso-Ectopic FGF Signaling Is Not Detected throughout
the Vitamin A-Deficient Spinal Cord dermal tissue. Caudal presomitic mesoderm from be-
neath the caudal neural plate at HH8–9 still expressesThe perdurance of Fgf8 expression in VAD embryos at
preneural tube levels raises the possibility that ectopic Fgf8 after 8 hr in vitro (12/12), but these transcripts
are dramatically reduced or lost from contralateral pairsFGF signaling accounts for the neuronal differentiation
deficit and failure to establish ventral progenitor do- cultured in the presence of the RA agonist (TTNPB) for
the same period (8/12) (Figures 6A–6C). Conversely, VADmains in VAD spinal cord. Importantly, although Fgf8
transcripts are not detected in VAD neural tube, FGF embryos exhibit elevated levels of Fgf8 in the presomitic
mesoderm (6/6) (Figures 5H and 5I). These data indicatesignaling might still persist in this region. To address
this issue, we examined the expression pattern of that RA controls the rate of Fgf8 expression decline in
the paraxial mesoderm as well as in the neuroepithelium.Sprouty2, a transcriptional target of FGF signaling (Mi-
nowada et al., 1999) and the activation state of MAPK, Furthermore, the drop in FGF signaling experienced by
cells in the paraxial mesoderm as Fgf8 declines hasas phosphorylation of this protein is a well-known down-
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recently been shown to determine somite boundary po-
sition (Dubrulle et al., 2001). We therefore next assessed
whether increased caudal FGF signaling in VAD embryos
leads to a reduction in initial somite size. The three last
formed somites are significantly smaller (10%), and
(although the total length of the trunk paraxial mesoderm
is unchanged) the length of the presomitic mesoderm
is concomitantly increased in VAD animals compared
with normal quails (at 10–12 somite stage) (Figures 6D–
6G). Together, these findings suggest that during normal
development, retinoid signaling, by accelerating Fgf8
decline, helps to position the somite boundary.
FGF Signaling Controls Raldh2 Onset
As RA is synthesized in rostral presomitic mesoderm
and acts on less differentiated caudal presomitic meso-
derm to downregulate Fgf8, we wondered whether FGF8
might in turn restrain RA synthesis. To address this pos-
sibility, we assessed whether FGF8 represses onset of
Raldh2 expression in explants of HH8–9 caudal presomi-
tic mesoderm. These explants come to express Raldh2
within 24 hr (14/16), but this gene is only detected in
2/14 contralateral explants cultured in the presence of
FGF8 (Figures 6H and 6I). A similar repression of Raldh2
is observed when FGF8-soaked beads are placed in
contact with the paraxial mesoderm (10 hr) in HH9–10
embryos (8/8), while control PBS-only beads have no
effect (5 cases) (Figures 6J–6L). These findings indicate
that FGF signaling regulates the onset of RA synthesis
in the paraxial mesoderm.
Discussion
The progressive generation of the body axis requires the
preservation of a caudal stem zone and the coordinated
differentiation of newly generated tissues. We demon-
strate that this is achieved by the opposing actions of
caudal FGF signaling and more rostrally located retinoid
signaling provided by the somitic mesoderm. We show
that strikingly, these two pathways control not only the
onset of neuronal differentiation and the establishment
of the ventral patterning system in newly generated spi-
nal cord, but also collude to determine mesoderm differ-
entiation and somite size. Retinoid signaling not only
counteracts FGF signaling but is required for multiple
steps during neurogenesis and ventral neural patterning.
Below, we discuss the distinct actions of these path-
trunk paraxial mesoderm (TPM) and presomitic mesoderm (PSM) in
control (blue) and VAD (pink) quails. The most recently formed VAD
somites are smaller than those in controls (p  7 	 105) (D), and
the VAD presomitic mesoderm is longer than controls (p 7	 103)
(E). Error bars represent the standard deviation of the mean.
(F) Table of mean and standard deviation of TPM, PSM, and 3 last
somites (3 som) lengths in control and VAD quails.
(G) Comparison of PSM, somites, and the TPM size in normal and
Figure 6. Mutual Inhibition of FGF and Retinoid Pathways in the in VAD embryos.
Paraxial Mesoderm (H and I) FGF8 inhibits Raldh2 onset in the CPM. Raldh2 expression
(A) Origin of explants used in (B), (C), (H), and (I) in an HH8 embryo. in CPM explants without (H) or with FGF8 (I).
(B and C) Caudal paraxial mesoderm (CPM) explants maintain Fgf8 (J–L) Raldh2 onset is unaffected by PBS beads (K) but is inhibited
after 8 hr culture (B) and downregulate Fgf8 in the presence of the by FGF8-presenting beads (L) placed under the CNP in contact of
RAR agonist TTNPB (C). the CPM (J).
(D and E) Bar charts comparing size of somites and length of the Scale bars equal 50 m (B, C, H, and I) and 200 m (K and L).
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Figure 7. Opposing FGF and Retinoid Signaling Controls Onset of Neuronal Differentiation and Ventral Neural Patterning and Positions the
Somite Border
(A) Retinoic acid (RA) provided by the somite promotes neuronal differentiation and ventral patterning genes by (a) repressing caudal FGF
signaling both from the neuroepithelium and the mesoderm and (b) also promoting generic neuronal differentiation and a subset of ventral
patterning genes. Caudal FGF signaling represses (c) generic neuronal differentiation and ventral patterning genes and (d) Shh transcription
in the floor plate. (e) Shh can induce ventral patterning genes. (f) FGF in turn represses Raldh2 (RA synthesis) in the presomitic mesoderm
(see text for details).
(B) Raldh2 is expressed at high levels in somites and in a rostral to caudal gradient that fades out in the rostral presomitic mesoderm. Fgf8
is expressed in a caudal to rostral gradient in the neuroepithelium and in the paraxial mesoderm. FGF8 represses Raldh2 and thereby controls
the onset of RA synthesis, while RA downregulates Fgf8.
(C) In normal animals a new somite forms every 90 min (t0 to t90), and cells are included in a somite if the level of FGF they are exposed to
has fallen (vertical arrow and red dot) below a critical threshold (Dubrulle et al., 2001).
(D) In VAD quails, Fgf8 expression is expanded rostrally and declines more slowly (short vertical arrow) and so fewer cells experience
subthreshold levels of FGF within a 90 min period and somites are consequently smaller.
PM, paraxial mesoderm; NT, neural tube.
ways and how they interact to control differentiation than that of Nkx6.1 and is therefore expressed in regions
of relatively low Shh. One interpretation of our findingsduring axis extension (Figure 7A).
therefore is that FGF delays the onset of genes that are
expressed in response to low Shh until sufficiently high
Differential Sensitivity to FGF Coordinates Onset Shh levels are reached for the activation of ventral-most
of Ventral Patterning Genes and Preserves genes such as Nkx6.1. The attenuation of FGF signaling
the Neural Progenitor Pool by somites thus coordinates the activation of these two
Presomitic mesoderm restrains neural differentiation, as groups of genes at the same rostrocaudal level, and this
its removal accelerates the onset of neuronal differentia- may help to establish the correct combinatorial code of
tion and Pax6 expression and also that of a further ven- transcription factors that determine cell type within the
tral patterning gene Irx3. This repression is mediated by dorsoventral axis of the neural tube (see Briscoe et
FGF, which is normally delivered by both the presomitic al., 2000).
mesoderm and caudal neural plate and is therefore re- If the targets of FGF signaling have in common a
duced on removal of presomitic mesoderm. We further requirement for Shh signaling, it is possible that FGF
show that FGF acts directly in the neuroepithelium to acts by repressing Shh expression and/or by interfering
repress a whole cohort of ventral but not dorsal neural with its downstream pathway. We show that FGF can
patterning genes. Importantly, ventral genes are also downregulate Shh transcription in the floor plate. How-
differentially sensitive to FGF, with ventral-most genes ever, as Irx3 is repressed by FGF in explants of preneural
(Shh, Ptc2, and Nkx6.1) less affected than genes ex- tube that have been exposed to Shh in the embryo
pressed in a more intermediate region of the neural tube (Figures 2F and 2G) but do not express Shh (8 hr 6/6,
(Pax6, Irx3, and Nkx6.2). This greater inhibition may be data not shown), FGF must act on Irx3 independently
related to the shared ability of these latter genes to of its action on Shh transcription. Furthermore, Shh tran-
respond to low-level Shh. Shh can upregulate Pax6 in scription is itself reinforced by Shh signaling (Bai et al.,
chick neural plate explants (Ericson et al., 1997b) as well 2002; Patten and Placzek, 2002; Wijgerde et al., 2002),
as expression of Pax6 and Irx3 in ES cells (Wichterle and so FGF may act simply by interfering with the Shh
et al., 2002) and is required for expression of Pax6 in pathway. On the other hand, expression of Pax6 and
intermediate regions of the spinal cord (Wijgerde et al., Irx3 in some contexts does not rely on reception of Shh
(Chiang et al., 1996; Wijgerde et al., 2002) and is even2002), while Nkx6.2 expression extends more dorsally
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repressed by high-level Shh (Ericson et al., 1997b; and 2 in neural progenitors and the presence of few
Delta1-expressing newly born neurons or NeuroM dif-Briscoe et al., 2000), and it is therefore possible that
ferentiating neurons. As onset of Ngn1 and 2 broadlyFGF also acts independently of interference with the
coincides with somitogenesis (Figures 4E and 4G; dataShh pathway.
not shown), the dependence of these genes on RAFGF signaling not only coordinates onset of ventral
strongly suggests that somite-derived retinoids are re-patterning genes but also represses neuronal differenti-
quired to initiate neurogenesis via these proneuralation, and it is likely that these phenomena are linked.
genes. Retinoid signaling is also required for expressionNeurogenesis can be implemented via Pax6 and Irx
of the proneural gene homolog Xngnr-1 during frog pri-genes, as demonstrated in the fly, frog, mouse, and
mary neurogenesis (Sharpe and Goldstone, 2000), andchick (Cavodeassi et al., 2001; Marquardt et al., 2001;
this may indicate a conserved RA-dependent mecha-Scardigli et al., 2001; de la Calle-Mustienes et al., 2002),
nism for the regulation of proneural genes. Somite re-and these transcription factors therefore behave as dual
moval leads to a lack of NeuroM cells in the adjacentpurpose molecules mediating both patterning and
neural tube (Diez del Corral et al., 2002), and undergeneric neuronal differentiation. An additional conse-
these conditions an apparently normal pattern of Delta1-quence of the FGF-mediated delay of these ventral pat-
expressing cells is found. This suggests that no newterning genes is therefore to preserve the pool of undif-
Delta1-expressing cells appear following somite re-ferentiated neural progenitors or stem zone, which can
moval and that somite signals are required to promotethen give rise to the spinal cord over an extended period.
a further step, the progression from Delta1 to NeuroM.
As addition of RA promotes the appearance of NeuroM-Multiple Requirements for Retinoid Signaling
expressing neurons in caudal neural plate explants, so-during the Generation of the Spinal Cord
mite-derived RA may also mediate this second step byWhile FGF represses neuronal differentiation and ex-
antagonizing further repressors of neuronal differentia-pression of key ventral patterning genes, somites have
tion in the embryo and/or activation of differentiationthe opposite activity, and this is mediated by RA. Somite
genes.signaling is required in vivo for neuronal differentiation
In mouse ES cells, retinoid signaling promotes expres-(Diez del Corral et al., 2002) and for expression of the
sion of genes characteristic not only of differentiatingventral patterning genes Pax6 (also see Pituello et al.,
neurons but specifically of ventral neurons (Renoncourt1999) and Irx3. We demonstrate that RA synthesis and
et al., 1998), and more recently this has been shown toan intact RA pathway are required for somites to pro-
be biased toward MN identity by further treatment withmote neuronal differentiation in vitro, and that in vivo
Shh (Wichterle et al., 2002). In vivo, it is established thatgenes characteristic of the generic neuronal differentia-
Shh is necessary for MN specification (Chiang et al.,tion pathway and a subset of ventral patterning genes
1996; Lu et al., 2000; Wijgerde et al., 2002), and at laterare absent or dramatically depleted in the VAD spinal
stages retinoids provided by somites or cell groupscord. Like somite signaling, retinoids downregulate Fgf8
within the neural tube specify cervical and brachial MNin caudal neural plate explants, and conversely Fgf8
subtype identity (Sockanathan and Jessell, 1998; Liu et
levels are increased and prolonged when retinoid signal-
al., 2001). However, only few ventral Islet1 MN are
ing is depleted in vivo. Furthermore, those ventral pat-
found in late-stage VAD spinal cord (Maden et al., 1996),
terning genes most repressed by FGF (Pax6, Irx3,
and this raises the further possibility that RA may play
Nkx6.2) are also those deficient in VAD neural tube. A an earlier role in establishment of the MN progenitor
key question, therefore, is whether RA acts simply by domain. Specification of MN progenitors is contingent
attenuating FGF signaling or whether a further conse- on the expression of the Shh target genes Nkx6.1/6.2
quence(s) of retinoid signaling is required for ventral (Vallstedt et al., 2001) and Pax6, which define the MN
patterning and neuronal differentiation. We have shown progenitor domain by repressing, respectively, Dbx1/2
previously that blocking FGF signaling in caudal neural and Nkx2.2 (Novitch et al., 2001). This allows the expres-
plate explants is not sufficient to promote neurogenesis sion of Olig2, which is in turn required for specification
and that additional somite signaling is required (Diez del of MN progenitors (Mizuguchi et al., 2001; Novitch et
Corral et al., 2002). As RA can eliminate Fgf8 expression al., 2001; Takebayashi et al., 2002). In the VAD spinal
but also promotes NeuroM in these explants, retinoids cord, Shh (also see Maden et al., 1996) and Nkx6.1 ex-
must provide this further action that drives neurogen- pression appear normal, demonstrating that the Shh
esis. This additional requirement for RA is also indicated pathway is active; however, Nkx6.2, Pax6, and Olig2 are
by our observation that expression of the FGF-respon- either absent and/or weakly expressed (Figures 4O and
sive gene Sprouty2 and the dual phosphorylated form 4P). This reveals that Shh signaling is not sufficient for
of MAPK (indicative of an active FGF signaling pathway) MN specification and indicates that the retinoid pathway
do not extend into the VAD neural tube, which still lacks is critical for the establishment of the regulatory network
key generic neuronal differentiation and ventral pat- that mediates this step.
terning genes. These requirement(s) for RA in addition Retinoic acid has been previously implicated in the
to its ability to attenuate FGF signaling could indicate specification of V0 and V1 interneurons at several steps:
the need to oppose a further signaling pathway(s) in the activation of Dbx1 and Dbx2 in progenitor cells and
neural tube in vivo and/or to counter long-term conse- conversion of V0 progenitors into Evx1-expressing V0
quences of exposure to FGF that persist after cessation interneurons (Pierani et al., 1999; Vallstedt et al., 2001).
of active signaling. The depletion in VAD quails of Pax6 and Nkx6.2 reveals
The failure to initiate neurogenesis in the VAD neural an additional and earlier role of RA in the establishment
of the V1 progenitor domain, as these genes are alsotube is indicated by the depleted expression of Ngn1
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required for the specification of V1 progenitors and are the paraxial mesoderm. Furthermore, exposure to FGF
also blocks neuronal differentiation in explants of neuralnormally present before Dbx1 and Dbx2 (Ericson et al.,
tube that do not express Raldh2 (Diez del Corral et al.,1997b; Vallstedt et al., 2001). Consistent with this, fewer
2002), suggesting that FGF can also oppose RA activityV1 (En1-expressing) neurons are detected in the later
in the neuroepithelium. We propose that during normalVAD neural tube (L. Wilson and M.M., unpublished data).
extension of the axis, a slight decline in Fgf8 transcriptsPax6 and Irx3 are both involved in specification of V2
(facilitated by regression of the primitive streak that ex-interneurons (Ericson et al., 1997b; Briscoe et al., 2000),
presses FGFs able to induce Fgf8; Storey et al., 1998;and the depletion of these genes in the VAD spinal cord
Dubrulle et al., 2001) is sufficient for Raldh2 onset. Assuggests that this class of interneurons must also be
presomitic mesoderm begins to synthesize RA, retinoidaffected. At earlier stages, we detect a deficit in the
signaling then accelerates Fgf8 downregulation in bothproduction of the first-born interneurons identified by
the paraxial mesoderm and adjacent preneural tube.expression of CRABP1, which may also reflect the over-
This mutual opposition of FGF and RA pathways thusall reduction in neuron numbers in the absence of RA.
helps to ensure the coordinated differentiation of meso-The retinoid-deficient spinal cord thus exhibits deficits
dermal and neural tissues (Figures 7A and 7B).in generic neuronal differentiation initiated via Ngns
The level of FGF signaling in the presomitic mesodermand in the specification of ventral neuronal subtypes,
controls where a somite boundary will form (Dubrulle etwhich in most cases (MN, V1, and V2) involve Pax6, and
al., 2001), and the ability of RA to attenuate Fgf8 inidentifies these genes as potential direct targets of the
the paraxial mesoderm identifies a role for the retinoidRA pathway.
pathway in this process. According to the current model,These data indicate that there are multiple require-
somite size is determined by two components: the pe-ments for retinoid signaling during the generation of the
riod of oscillation of transiently expressed mRNAs asso-spinal cord. Initially these are broad ranging, reflected
ciated with Notch signaling such as Hairy1 (the segmen-by the even distribution of RARs and RXRs within the
tation clock; Palmeirim et al., 1997) and the speed ofneural tube, and are met by the adjacent Raldh2-express-
FGF decline in the presomitic mesoderm (the maturationing somitic mesoderm. These include attenuation of FGF
wavefront; Dubrulle et al., 2001; reviewed in Dubrullesignaling in the preneural tube, initiation of neurogenesis
and Pourquie, 2002). These authors show that changesvia Ngns, establishment of the ventral patterning system
in FGF signaling do not alter the period of oscillation(specification of cervical MN; Liu et al., 2001), and pro-
and that resulting segmentation defects are due to alter-motion of neuronal differentiation in the neural tube. (A
ation in the speed at which FGF levels fall below a thresh-detailed analysis of the requirements for RA at distinct
old. As we show that RA downregulates Fgf8 in thesteps during MN specification and differentiation is also
presomitic mesoderm, it must set the rate of maturationreported by Novitch et al. [2003] in this issue of Neuron.)
wavefront progression and thereby influence somiteAt later stages there are also more focal requirements,
size. Further, as FGF and RA pathways are mutuallywhich are met locally by Raldh-expressing cells located
inhibitory, this could create a sharp transition in cellwithin the neural tube (Sockanathan and Jessell, 1998;
signaling in the presomitic mesoderm, and one possibil-
Niederreither et al., 2002).
ity is that this change precisely defines the future somite
border (Figure 7B). Consistent with this, we show that
Opposition and Mutual Inhibition of FGF and RA in VAD embryos where Fgf8 expression is prolonged
Signaling Pathways: A Global Mechanism that and wavefront progression is slowed, initial somite size
Controls and Coordinates Caudal Differentiation is smaller (Figures 7C and 7D; a finding also apparent
FGF can maintain an undifferentiated cell state, and at later stages; Maden et al., 2000).
retinoids can drive differentiation in many different con- Finally, opposition of FGF and RA pathways may be
texts; for example, mouse ES cells form neural precur- a conserved mechanism for controlling differentiation
sors in vitro under the influence of FGF signaling, while and maintaining progenitor pools in the developing em-
exposure to RA promotes neuronal differentiation (e.g., bryo. A striking analogy can be drawn with the proximo-
Wichterle et al., 2002; Ying et al., 2003); however, it is distal extension of the limb in which distal FGF signaling
not known whether these pathways interact to regulate provided by the apical ridge restricts RA synthesis and
these activities. In the mouse embryo, excess RA, due RAR receptor expression to the proximal limb (Mer-
to mutation of the RA-metabolizing enzyme CYP26, has cader et al., 2000). FGF signaling also opposes RA in
recently been shown to repress Fgf8 expression in the the forming hindbrain, preserving rhombomere1 as a site
tail bud (Abu-Abed et al., 2003), and we demonstrate of FGF activity that undergoes extensive proliferation to
here that RA downregulates Fgf8 in both neural and generate the cerebellum (Irving and Mason, 2000). Our
mesodermal tissues in vitro. Although Fgf8 expression data suggest that mutual inhibition and opposing activi-
perdures in caudal regions of VAD quails, it is still even- ties of FGF and RA pathways act to maintain a critical
balance between preservation of the progenitor pool/tually lost from the presomitic mesoderm and neuro-
stem zone and the progressive differentiation of neuralepithelium. This suggests either that somites provide
and mesodermal tissues during the extension of theanother signal that can repress Fgf8 or that Fgf8 tran-
embryonic axis.scripts normally decay and that RA acts to accelerate
this process. In the presomitic mesoderm, Fgf8 can be
Experimental Proceduresinduced by FGF8 (Dubrulle et al., 2001) and so RA could
effect Fgf8 reduction by interfering with the FGF signal- In Vitro Explant and Embryo Culture
ing pathway. Conversely, we demonstrate that FGF8 Explants were isolated and cultured as described previously (Diez
del Corral et al., 2002). In most cases, control and experimentalcontrols RA synthesis by inhibiting onset of Raldh2 in
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explants were derived from the same embryo. Some explants were members of the Storey laboratory, and we thank P. On˜oro for statisti-
cal advice. We also thank B. Novitch and T. Jessell for discussionsexposed to human FGF4 (200 ng/ml) or mouse FGF8 (250 ng/ml) with
Heparin (0.13 ng/ml) and BSA (0.0001%) (R&D Systems). SU5402 prior to submission. This work was supported by HFSPO (RG00452/
98B), the Wellcome Trust, and the MRC. A.G. was supported by a(Calbiochem) was used at 20 M on explants while control tissue
was exposed to DMSO in culture medium. European Commission Marie Curie Research Training Grant and
R.D.C. by an EMBO Long Term fellowship and the MRC. E.G. is
supported by BBSRC project grant to M.M. (29/G16871). K.S. is anIn Vivo Tissue Manipulation
MRC Senior Research Fellow.Somite and presomitic mesoderm removals were carried out as
described (Diez del Corral et al., 2002).
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